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Abstract
The fan interaction noise is modeled as an annular cascade in terms of the Euler equations linearized about a
nonuniform rotational ﬂow. The model accounts for the inﬂow-fan-duct coupling and the high frequency of the in-
teraction process. An eﬃcient split velocity formulation is developed, making it suitable for broadband calculations.
The validity of the inviscid approach for loaded cascades is supported by recent LES simulations of an airfoil in a
gust indicating that the interaction process is dominated by inertia forces. Analytical and numerical analysis of distur-
bances in rotational ﬂows is developed and exact inﬂow/outﬂow boundary conditions are derived, yielding directly the
radiated acoustics. The upstream disturbances evolve in rotational ﬂows and as a result the aerodynamic-aeroacoustic
response of the annular cascade depends on the initial conditions location. Comparison with a linear cascade model
shows a signiﬁcant change of the blade sectional lift and the acoustic response. The model is extended to broadband
noise calculations using the method of multiple scales. Comparison with NASA SDT data shows excellent agreement.
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1. Introduction
Interaction noise is a byproduct of the interaction of nonuniform turbulent ﬂows with bodies such as aircraft
wings, turbofan engine blades, wind turbines, etc. Such ﬂows have irregular ﬂow patterns caused by a variety of
phenomena such as atmospheric turbulence, inlet distortion, momentum defects due to viscous boundary layers and
wakes, secondary ﬂows, installation eﬀects, etc. In the present paper, we mainly focus on the interaction processes
in turbofan engines and the resulting noise generation and propagation. This problem is closely connected to the fan
unsteady aerodynamics; the radiated sound essentially represents the unsteady far-ﬁeld. The irregular turbulent ﬂow
in the fan is characterized by multiple scales. The organized nonuniformities, such as wakes and secondary ﬂows,
are inherently large scale. Their interaction with the rotating fan and guide vanes is usually deterministic and results
in tonal noise mostly at multiples of the blade passing frequency. In contrast, the interaction processes of random
disturbances associated with turbulence are mainly stochastic, resulting in broadband noise spectra.
The unsteady aerodynamics of a fan has the following characteristics: (1) the incoming ﬂow has a strong swirl
component and thus is essentially three-dimensional and rotational, (2) the fan geometry is complex and involves
strong inter-blade interference, (3) the Mach number is generally transonic, (4) the frequency is high, (5) the aerody-
namic interaction process is strongly connected to the duct acoustics, and (6) the fan rotation adds additional com-
plexity to the unsteady aerodynamics and sound scattering. Because of this complexity, current design codes for noise
reduction in the industry remain on the whole based on the two-dimensional linear cascade models. These features
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also show the modeling of fan noise is interdisciplinary and closely connected to the aerodynamics/aeroacoustics of
nonuniform rotational ﬂows. The challenge is to develop analytical and numerical predictive tools yielding the essen-
tials of the physical phenomena at a reasonable computational cost so they can be incorporated in the design process
for noise reduction.
We ﬁrst note that turbofan engine ﬂows interact with streamlined blades designed for optimal operating conditions
where the ﬂow-blade interaction process is generally dominated by the pressure. In addition, the unsteady part of
the ﬂow is small compared to its mean. These features bring about signiﬁcant simpliﬁcation in fan noise modeling
by considering disturbances superimposed on inviscid but rotational mean ﬂows. Nevertheless, the adequacy of this
approximation should be examined, particularly for oﬀ-design conditions or for transonic ﬂows with regions of strong
interaction, where viscous eﬀects are signiﬁcant. The approach and results presented here are based on modeling the
linearized Euler equations about a nonlinear mean ﬂow. This simpliﬁed approach enables us to model the coupled
inﬂow-fan-duct interaction and reduces the computational cost by 2 to 3 orders of magnitude as compared to LES. In
what follows we ﬁrst review some of the current work on single airfoils using nonlinear/LES methods and compare
the results with the classical approach. Second, we give a representation of the incoming disturbances in swirling
rotational ﬂows and develop inﬂow/outﬂow conditions yielding directly the far-ﬁeld acoustics. Third, we present
aerodynamics and acoustic results for real fan and blade geometries and compare them with two-dimensional linear
cascade results. Fourth, we apply our approach to broadband noise prediction and show comparison with NASA SDT
data.
Figure 1: Interaction regions
2. Linear and Nonlinear Modeling
At high Reynolds and Mach numbers, the ﬂow round an airfoil (blade) has zones of strong interaction and zones of
weak interaction as shown schematically in ﬁgure 1. An interaction region appears near the leading edge with laminar
bubble development and transition to turbulence. Downstream strong regions of shock boundary layer interactions
form and become signiﬁcant with the formation of the λ shock pattern near the wall for local Mach number M > 1.3.
Weak interaction zones can be treated using linearized theories while strong interaction zones may require nonlinear
viscous methods. The generic problem for interaction noise is that of an airfoil in a gust. The two-dimensional problem
has been extensively studied ﬁrst analytically, and then numerically in the frequency domain using the linearized Euler
equations [1], in the time domain using the full Euler equations, [2], and more recently using large eddy simulation,
[3, 4]. A comparison of the unsteady surface pressure and the acoustic radiation of the linear and nonlinear Euler
models at M = 0.5 and up to a reduced frequency k∗ = ωc/2U = 2 shows (i) no signiﬁcant deviation of the nonlinear
computations from the linearized perturbation model up to an amplitude of the incoming gust of 15% of the mean
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ﬂow, (ii) nonlinear eﬀects increase with the airfoil lift, thickness and gust frequency, and are higher for 2D gusts
than for 1D gusts, and (iii) nonlinear self-interaction generation of higher harmonics was only observed for a gust
amplitude approaching 20%. These results clearly show the extended validity of the linearized Euler equations for
unsteady ﬂows. Similar results were found for linear cascades [5]. LES computations, simulating micro air vehicles
aerodynamics, were carried out by Golubev et al. [4] of a thin airfoil SD7003 in a two-dimensional gust at lower
Mach number, M = 0.1, and Reynolds number, Re = ρV∞c/μ = 104. The numerical experiments were designed
to examine patterns of separated vortical ﬂow dynamics including the processes of laminar ﬂow bubble formation
and related transition phenomena. The results were compared to the inviscid ﬂat plate response to a gust [6] for two
angles of attack, α = {4o, 8o} and two transverse gust intensity to mean ﬂow velocity ratios, g/V = {0.07, 0.35}
for a range of reduced frequency, k∗ = ωc/2V = {1 . . . π}. The comparison of the evolving unsteady lift shows
excellent agreement with the inviscid theory for the large gust amplitude (g = 0.35) for both angles of attack (ﬁgure
2). The slight diﬀerence may be due to the loading eﬀects of the airfoil. For the low intensity gust (g = 0.07)
the results of the simulation shows wiggles in the lift pattern. Analogous computations for symmetric airfoils at
M = 0.5, and Re = 2 × 106 show higher level of pressure ﬂuctuations than inviscid computations, however, the far
ﬁeld acoustic radiation is similar to that of the inviscid calculations [3]. These results indicate that if the gust amplitude
is suﬃciently large, the inertia forces associated with the impinging gust dominate the viscous forces and lock in the
interaction process, which is then governed by inviscid ﬂow eﬀects. At low gust amplitude, viscous eﬀects at low
Reynolds number are signiﬁcant and laminar bubble formation, reattachment and transition dominate. This suggests
that at high Reynolds number the unsteady linearized Euler equations are a good model for the gust interaction with
typically loaded airfoils.
(a) α = 4o, g = 0.07. (b) α = 4o, g = 0.35.
(c) α = 8o, g = 0.07. (d) α = 8o, g = 0.35.
Figure 2: Time variation of the unsteady lift for small and large gust amplitudes g, compared with inviscid theory for two angles of attack α,[4].
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The present paper presents a realistic three-dimensional model for turbofan noise using the linearized Euler equa-
tions about a rotational nonlinearly calculated mean ﬂow. Thus the model accounts for the important eﬀects of the
mean swirl. The fan has a complex 3D geometry and the ﬂow has a wide range of length and time scales. The model
accounts for (a) the blade and fan 3D geometry and loading, (b) the strong inter-blade and stage interaction, (c) the
acoustic coupling to the fan duct, and (e) the expanded range of reduced frequencies up to 40. Exact non-reﬂecting
inﬂow/outﬂow conditions are derived in terms of the swirling mean ﬂow normal modes. The radiated acoustic ﬁeld is
obtained directly from the computational model.
3. The Interaction Problem for a Fan in Nonuniform Rotational Flows
A major source of noise for turbofan engines is the interaction of the nonuniform swirling ﬂow in the wakes of
the fan B blades with the V guide vanes. For simplicity, the guide vanes are modeled as an annular cascade, and the
annulus is assumed to have constant hub and tip radii rh and rt. The incoming ﬂow is assumed to be inviscid and
non-heat conducting with a swirling motion caused by the fan loaded blades. We expand the ﬂow velocity as follows
V(x, t) = U(x) + u(x, t), (1)
where x is the position vector, t is the time. U is the mean ﬂow quantity, which is assumed to be known, for example,
calculated from a nonlinear steady RANS code, and a similar expansion for the pressure, density, and entropy. The
magnitudes of the corresponding unsteady quantities are assumed to be small compared to the mean values. We
further assume the upstream mean velocity is axisymmetric and of the form
U(x) = Ux(r)ex + Uθ(r)eθ, (2)
where the axial and azimuthal velocity components Ux and Uθ vary with the radial distance r. ex is the unit vector in
the axial direction and eθ is the unit vector in the azimuthal direction.
3.1. Representation of incident disturbances
Arbitrary disturbances imposed on upstream uniform ﬂows, can be split into potential (acoustic), entropic, and
vortical disturbances [7]- [9]. It is commonly assumed that such disturbances can be written in terms of their Fourier
transform
u =
∫
k
a(k)ei(k·x−ωt)dk, (3)
where a represents the velocity of a Fourier component and k is the wave number vector. Vortical disturbances are
solenoidal, a · k = 0, and purely convected, k · U = ω, while acoustic disturbances are potential, a × k = 0, and
governed by the wave equation, kc0 + k · U = ω, where k = |k|, and c0 is the speed of sound. Arbitrary disturbances
imposed on rotational ﬂows have been analyzed by Atassi et al. [10] who showed that they can be fully determined in
terms of the pressure and velocity. Such disturbances evolve as they propagate, making their magnitude and phase not
only dependent on the initial conditions but also on the location, x(i), where they are speciﬁed [11]. The analyses [12]
- [14], suggest that the incident disturbances can be considered as the sum of of nearly sonic (a) and nearly convected
modes (v). Thus, at a given cross section x(i),
u(i) = u
(a)
(i) + u
(v)
(i) (4)
p′(i) = p
′(a)
(i) + p
′(v)
(i) , (5)
where p′ denotes the unsteady pressure. Note that p′(v)(i) is very small may be neglected [10]. Without loss of generality,
we can write
u(v)(i) =
mg=+∞∑
mg=−∞
uˆmg (x(i), r)e
i(mgθ−ωt). (6)
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Although formally there is no condition to be imposed on u(v)(i) , the numerical scheme is more stable when a condition
based on neglecting p′(v)(i) at x(i) is imposed [10, 14],
iαuˆxmgng +
img
r
uˆθmgng +
Ux
rρ0
∂
∂r
(
rρ0
Ux
uˆrmg
)
= 0, (7)
where α = ωUx −
mgUθ
rUx
.
Thus the incoming disturbance can be deﬁned by two components. It is convenient to introduce the upwash
velocity component, a(u)mg , and the radial velocity uˆrmg , to express the axial and azimuthal components,
uˆxmg = −
mga
(u)
mgU − i U
2
x
ρ0
∂
∂r (
rρ0
Ux
uˆrmg )
αrUx + mgUθ
, (8)
uˆθmg =
a(u)mgαrU + i
UxUθ
ρ0
∂
∂r (
rρ0
Ux
uˆrmg )
αrUx + mgUθ
. (9)
3.2. Boundary conditions
Because of the linearity of the problem, the computational domain is limited to a blade passage. Impermeability
conditions are applied along the blade surface. Quasi-periodic conditions with interblade phase angle, σ = 2πmg/V ,
are applied on the density and the normal velocity along the wake. This is equivalent to imposing the Kutta condition
at the trailing edge. The exact non-reﬂecting inﬂow/outﬂow conditions, developed in [10, 14], are derived in terms
of the swirling mean ﬂow normal modes using the group velocity to segregate the modes propagating downstream
and upstream. The formulation is based on expanding the unsteady pressure upstream and downstream in terms of M
acoustic modes,
p
′±(x, θ, r) =
M/2∑
m=−M/2
∑
n∈S ±mn
c±mnP±mn(r)ei(k
±
mnx+mθ) (10)
where k±mn is the mode mn axial wave number, P±mn(r) is the mode radial eigenfunction non-dimensionalized so that
its maximum value in unity, and the acoustic coeﬃcient, cmn, is a constant. S ±mn is the set of modes propagating or
decaying upstream (−) and downstream (+). To satisfy the causality condition that the energy from the source must
propagate outside the computational domain. The coeﬃcients c±mn are unknown. By using the mode expansion at two
adjacent planes at the boundary, c±mn can be eliminated yielding the nonreﬂecting boundary conditions. Details about
the numerical procedures are given in [10]. Note that this formulation directly gives the acoustic modes in the duct.
3.3. Numerical method
Two numerical methods were developed; both with a body-ﬁtted coordinate system and higher order algorithms.
One method uses a compact implicit MacCormack-type scheme developed by Hixon [15] for the spatial derivatives.
A four stage Runge-Kutta scheme is used for the time derivatives. The leading edge singularity reduces the advantage
of a higher order scheme, and thus a ﬁlter was applied. Grid clustering in the vicinity of the leading and trailing edges
was used to avoid singular behavior. An acceleration technique with combination of a multi-grid and saw-tooth multi-
grid cycles reduces the computational time by a factor of 6. A combination of both the grid clustering and multi-grid
techniques improves computation time by a factor of 12.
For a more eﬃcient computational scheme suited for broadband calculations, a velocity splitting formulation [16]
is developed. A 4th order Runge-Kutta integrator is used to solve the convected equation, and a second order ﬁnite
diﬀerence scheme is used for the wave equation. The resulting algebraic system of equations is solved using PETSc,
and the code is referred to as CAAT for the tonal response. CAAT is used to calculate the broadband response, and
the resulting code is called BB3D. The model is computationally eﬃcient, and a parallelization scheme based on the
master-slave paradigm is implemented in BB3D [17, 18]. The scalability is good up to 16 processors. The number
of the grid points is frequency dependent. For moderate frequencies, the number of points typically is Nx = 181, in
the x−direction; Nθ = 41, in the θ−direction; Nr = 41, in the r−direction. These values optimize the computational
time and provide enough accuracy. For ω˜ = ωrm/c0 = 12, we take about 20 points per wavelength, and a typical
computational time is about 30 minutes on an Intel-Xeon based HPC cluster.
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4. Tonal Noise
Results for loaded two-dimensional cascades show strong eﬀects of the reduced frequency, stagger angle and blade
loading. In what follows we examine how three-dimensional eﬀects impact the aerodynamics and acoustics of the
cascade.
4.1. Comparison with the Linear Cascade Model
We consider an annular cascade with rh/rt = 0.56. The radial proﬁle Mach number and rotor wakes are taken
from a RANS code and exhibit strong radial variation. Details of the geometry and inﬂow conditions can be found
in [18]. In order to determine the applicability of a linear cascade response with strip theory to model and pre-
dict the blade aerodynamics and aeroacoustics, we compare the aerodynamic and aeroacoustic response of loaded
and unloaded annular cascades calculated from CAAT with those of a ﬂat plate linear cascade code, LINC3D[19]
using strip theory. The loaded vanes are approximated as circular arcs with camber rh, rm, and rt equal to 0.10,
0.11, and 0.12, with ﬂow turnings, 36.3◦, 36.1◦, and 35.5◦, respectively. The wake upwash velocity radial pro-
ﬁle is given in ﬁgure 3(a). For LINC3D, it is decomposed into a Fourier cosine series, cos(ngπ(r − rh)/(rt − rh)),
whose coeﬃcients are a(u)mg,ng . For the ﬂow conditions and geometry used here, the system is only supercritical for
ng ≤ 5. Therefore, LINC3D results only include contributions from harmonics with ng ≤ 5. For mg = −36, we take
|a(u)−36,ng | = {[0.16, 0.46, 0.33, 0.50, 0.43, 0.81]}. For the results given in this section, ω˜ = 24. The radiated sound power
is non-dimensionalized by ρ0c30mA, where A is the cross-section area, c is the chord length, and the subscript ‘m’ refers
to values at the midspan. Details are given in [18].
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Figure 3: Comparison of the sound power in response to the upwash velocity (a), calculated by CAAT for loaded and unloaded annular cascades
and by LINC3D for a linear cascade (b).
Figure 3(b) compares the sound power calculated downstream and upstream for the three cases. Note that LINC3D
predicts lower values for the sound power than the 3D CAAT. Its downstream predictions are only 74% and 40% of
those of the annular loaded and unloaded cascades, respectively. Likewise, for upstream the ﬁgures are 44% and 29%.
This amounts to about 5.4 dB in radiated sound prediction.
4.2. Sound Scattering in a Swirling Flow: Eﬀect of Hub-Tip Ratio
We ﬁrst examine the cascade three-dimensional eﬀects. As the vortical disturbances propagate downstream, the
swirl aﬀects the evolution of the gust and causes signiﬁcant radial variations in its magnitude and phase. This, in turn,
changes the blade aerodynamics and acoustic scattering. For simplicity, we analyze the eﬀects of various hub to tip
ratios, 0.6, 0.6667, 0.7391, 0.8182, and 0.9048, on the response of an unloaded annular cascade. We take B = 16,
V = 24 and a mean ﬂow of Mxm = 0.3536, and deﬁne the swirl as a combination of a rigid body rotation, MΩm = 0.1,
and a potential swirl, MΓm = 0.1. We take mg = 16 and uˆr = 0. In addition, we impose a
(u)
mg = 1, at the inlet of
the computational domain, which lies one chord length, upstream of the vane leading edge. Also, c/rm = 0.3491
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and ω˜ = 3π. For the three cases considered with rh/rt > 0.68, there is only one propagating acoustic mode. A new
acoustic mode cuts on at about rh/rt = 0.68, and for the other two cases with rh/rt < 0.68, there are two propagating
modes.
Figure 4 compares the magnitude of the sectional lift coeﬃcient |c′l |, non-dimensionalized by ρ0cc0a(u)mg , along the
span for diﬀerent hub-tip ratios. For the narrow annulus case, rh/rt = 0.9048, |c′l | has, as expected, small variation
along the span. As this ratio decreases three-dimensional eﬀects become more important and |c′l | exhibits signiﬁcant
variations. Note that for rh/rt = 0.7391, as we get closer to a new acoustic mode cut on, |c′l | has the largest variation
along the span. This suggests that, the aerodynamic and acoustic scattering problem is strongly coupled with the
duct acoustics. The magnitude of the upstream and downstream acoustic coeﬃcients |c±−8,n|, non-dimensionalized
by ρ0mc0ma
(u)
mg , for the diﬀerent hub-tip ratios are compared in ﬁgure 4. The downstream acoustic coeﬃcient of the
ﬁrst radial mode (n = 0) decreases slightly as the hub-tip ratio decreases but as the second mode cuts on it starts to
increase. Note that the upstream coeﬃcient of the second acoustic mode is substantially higher than that of the ﬁrst
mode, suggesting an increase in the radiated sound. This increase is consistent with the increase in the radial variation
of the unsteady pressure on the vane as the hub-tip ratio decreases. These results clearly show that change in the
number of cut-on modes has strong inﬂuence on the aerodynamic and acoustic coeﬃcients.
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Figure 4: Variation of the magnitude of the unsteady sectional lift coeﬃcient |c′l |, and upstream and downstream acoustic coeﬃcients, |c±−8,0 | for
diﬀerent hub to tip ratios. The gust upwash amplitude, |a(u)mg | = 1, is imposed at two upstream locations. Mxm = 0.3536,MΩm = 0.1,MΓm = 0.1 and
ω = 3π.
We have mentioned earlier that signiﬁcant radial variations in the magnitude and phase of the gust occur as it
convects in a swirling ﬂow. These variations increase with the distance traveled by the gust before interacting with the
vanes. To examine these eﬀects, we calculated |c′l | for a(u)mg = 1, imposed at the leading edge of the vanes. This removes
most of the radial distortion in the magnitude and phase of the gust as they interact with the vanes. Comparison
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between the top and bottom of ﬁgure 4 clearly shows signiﬁcant eﬀects of the distortion caused by the mean swirl on
the cascade response.
4.3. Eﬀects of Frequency and Thickness
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Figure 5: Variation of the magnitude of the unsteady sectional lift coeﬃcient |c′l | along the span for diﬀerent frequencies and blade thickness ratios
Circumferential wave Radial wave |cmn|, |cmn|,
number number 0% thickness 6% thickness
16 0 0.1265 0.1567
16 1 0.0251 0.0205
16 2 0.0612 0.0541
16 3 0.0075 0.0061
-8 0 0.0591 0.0534
-8 1 0.0264 0.0204
-8 2 0.0272 0.0216
-8 3 0.0044 0.0042
Table 1: Eﬀect of thickness on downstream acoustics. Case 3, ω = 22.5, mg = −8, ng = 0.
As for § 4.2, we consider a cascade with B = 16, V = 24. The hub/tip ratio rh/rt = 0.6, the chord length c
is (2πrm)/24. The length of the computational domain is 3c, and the total mean ﬂow Mach number M at the inlet
is 0.5. Figure 5 shows the spanwise variation of the sectional lift coeﬃcients for two sets of the annular cascade
geometries deﬁned in terms of the stagger angle χ, the inﬂow angle αi and the blade camber, μ. Case 1: χ = 30o,
αi = 30o, μ = 0%, and case 2: χ = 0o, αi = 6o, μ = 5.5%. In both cases, the initial conditions are a(u) = 1 and
ur = 0. The thickness distribution is that of a NACA airfoil. Usually the eﬀect of thickness is rather small. However,
thickness eﬀects become more signiﬁcant for cambered blades and for small mg. We also note the strong inﬂuence
of the reduced frequency. Note that for case 1, thickness eﬀects are strong for ω˜ = 15, which is in the vicinity of a
new mode cut-on. Table 1 gives the acoustic coeﬃcients, |cmn|, with and without thickness for case 2. |cmn| are about
10% − 20% higher for all modes except m = 16, n = 0.
5. Broadband Noise
Broadband noise is caused by the interaction of turbulence with the fan blades or the guide vanes. Hence, devel-
oping a model for broadband noise implies developing a model for upstream turbulence and its interaction with the
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downstream row of vanes. The approach is to (1) represent the upstream turbulence in terms of its spectral density,
(2) use aerodynamic theories developed for upstream harmonic disturbances to calculate the scattered sound power
in response to each harmonic disturbance, and (3) calculate the total noise power radiated by summing the spectral
density weighted contributions of all harmonic components. This leads to calculating a large number of harmonic
aerodynamic–acoustic response functions to cover the broad range of frequencies present in the turbulence spectrum.
Most broadband analyzes use two-dimensional unloaded cascade models and strip theory for the calculating the aero-
dynamic blade response and a Green’s function for the duct acoustics [20]–[23]. In order to properly account for
the interaction of turbulent rotational ﬂows with the three-dimensional geometry of a loaded annular cascade, we use
CAAT to calculate the aerodynamic-aeroacoustic response for to each upstream Fourier component of a turbulent
velocity realization deﬁned by its frequency ω˜, and its azimuthal and radial mode numbers mg, and ng, respectively.
A general formulation involving the stochastic interaction process leads to very complex and lengthy computations.
Atassi et al. [24], noting that the turbulence integral length scale  << c << rt, developed a high frequency, multiple
scale analysis which (a) extends the stochastic process to cylindrical coordinates, (b) derives a relatively simple ex-
pression for the acoustic power density to O(1/ω˜). This signiﬁcantly reduces the computational time and complexity,
particularly at high frequency. At a given ω˜, we limit the range mg and ng, to cases where the acoustic energy is higher
than 10% of its peak value. Nevertheless, for ω˜ > 50, we have a broad range, −100 < mg < 100 and −5 < ng < 5.
This leads to 103−104 acoustic modes contributing to the SPL spectrum for every frequency. A parallelization scheme
based on the master-slave paradigm is implemented in BB3D [17, 18]. A typical computational time for an entire SPL
spectrum is less than 24 hours on an Intel-Xeon based HPC cluster. Figure 6 gives a comparison of the calculated
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Figure 6: Comparison between the BB3D-calculated acoustic power density spectra and NASA SDT data for the low-count fan exhaust stator at
approach (59Hz bandwidth).
acoustic density spectra, assuming Liepmann isentropic turbulence model, with NASA Source Diagnostic Test (SDT)
data for the low count fan exhaust at approach [25]–[26], which were adjusted by Envia [27]. The reduced frequency
ω∗ = (ωrt)/c0m, where c0m is evaluated at rm. For the SDT data fHertz = 193.67ω∗. The narrow peaks in the SDT data
corresponds to tonal noise which was not included in our results. The comparison covers a broad range from 1000 Hz
(ω∗ = 5.163) to 10000 Hz(ω∗ = 51.63). The BB3D predictions match well those of the experiments.
Conclusions
Methods based on the linearized unsteady Euler equations have been developed for tonal and broadband interaction
noise. The unsteady ﬂow is linearized about a nonlinear 3D mean ﬂow with swirl, which accounts for the blade and
cascade geometries. Exact inﬂow/outﬂow boundary conditions are derived, yielding directly the radiated acoustics
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for a broad range of frequencies relevant to turbofan engines. The validity of the Euler approach is validated by
comparison with LES simulation for a single airfoil in a gust with intensity up to 15% of the mean ﬂow velocity.
Results for tonal noise show signiﬁcant eﬀects of the blade thickness and loading on the unsteady blade sectional
lift and the radiated sound. The present approach has been extended to broadband calculations. The resulting code,
BB3D, is eﬃcient and has been parallelized showing good scalability. Results are in excellent agreement with NASA
SDT data.
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